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Effective colloid-colloid interactions can be tailored through the addition of a complex cosolute.
Here we investigate the case of a cosolute made by self-assembling patchy particles. Depending on
the valence, these particles can form either polymer chains or branched structures. We numerically
calculate the effective potential Veff between two colloids immersed in a suspension of reversible
patchy particles, exploring a wide region of the cosolute phase diagram and the role of valence. In
addition to well-known excluded volume and depletion effects, we find that, under appropriate con-
ditions, Veff is completely attractive but shows an oscillatory character. In the case of polymerizing
cosolute, this results from the fact that chains are efficiently confined by the colloids through the
onset of local order. This argument is then generalized to the case of particles with higher valence,
under the condition that they are still able to maintain a fully bonded organization upon confine-
ment. The resulting effective potentials are relevant for understanding the behavior of complex
mixtures in crowded environments, but may also be exploited for tuning colloidal self-assembly at
preferred target distances in order to build desired superstructures.
INTRODUCTION
One of the main goals of soft matter physics is to con-
trol and tune the self-assembly of colloidal particles into
target structures with specific functionalities. There are
several routes that can be explored to tailor self-assembly.
One possibility is to directly manipulate colloids by tun-
ing their shape[1–4] or by designing directional and spe-
cific interactions[5–11]. Another popular approach is to
indirectly act on colloidal interactions by generating an
effective force that is mediated by the suspension in which
colloids are immersed. A notable example of this situa-
tion is the well-known depletion interaction, which arises
in solutions of colloids and non-adsorbing polymers or
surfactants (i.e. the cosolute). In this case, an entropy-
driven effective attraction is induced among the colloids,
deeply altering their behaviour. By treating colloid-
colloid and colloid-cosolute interactions as hard spheres
(HS) ones, while considering polymers ideal, Asakura and
Oosawa have shown[12] that the excluded volume inter-
actions between colloid and cosolute make it favourable
for the colloids to be close together. This effective at-
traction is entirely controlled by the properties of the
cosolute, since the range and strength are set by the size
and the density of the cosolute respectively. Yet, a slight
change of the colloid-cosolute interaction can strongly
change this simple, idealized picture[13, 14]. Nonethe-
less, the manipulation of colloidal suspensions by adding
cosolute is still nowadays one of the most established
tools to study the behavior of short-ranged attractive
systems[15].
It is interesting to note that depletion forces may
also play an often underappreciated role in biological
systems[16] as, for example, in the cytoplasm, that is
a very dense solution, composed of a large number
of macromolecules of different sizes as well as smaller
species. Under these conditions of so-called macromolec-
ular crowding, a confining effect by the large macro-
molecules affects the medium composed by the smaller
species. Such scenario occurs also in several other sit-
uations, including clustering of red blood cells in the
presence of proteins[17] or the precipitation of tobacco
viruses in solution with heparin[18]. In all these cases
it was noticed that the concentration and the type of
the cosolute are relevant for the aggregation of large
macromolecules[19].
More recently, other types of effective interactions have
been investigated, in which the interacting properties of
the cosolute play a fundamental role. The most extreme
case is that of a cosolute (or solvent) close to a second-
order critical point, which determines the so-called crit-
ical Casimir forces. These forces, which can be either
attractive or repulsive, were first predicted by Fisher
and De Gennes[20] and have been recently measured in
experiments[21–23]. Notably, the range of the interac-
tions is controlled by the thermal correlation length of
the cosolute, which diverges at the critical point. A
similar mechanism has been shown to produce long-
range effective interactions when the cosolute is close
to a chemical gelation point[24], in the presence of a
thermal gradient[25], in granular materials[26], in cell
membranes[27] and also when the cosolute is composed
by active biological systems such as bacteria[28, 29].
Another interesting scenario occurs by considering a
cosolute made of molecules which self-associates into
chains or larger aggregates, and that can be modeled
with patchy particles with valence two or higher. Two-
patch particles form reversible chains and do not ex-
perience either phase separation or percolation in the
whole phase diagram[30, 31]. Such polymerizing coso-
lute has been adopted in a pioneering experiment[32],
which has measured the effective interactions of colloids
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2immersed in a sea of semi-flexible associating supramolec-
ular chains, finding that the effective potential Veff can
be attributed to depletion effects with a range that is
controlled by the average size of the chains. To this end,
in the experiments the total density of monomers was
kept fixed while the concentration of so-called chain stop-
pers was varied, modulating both the chain length and
the range of Veff . Very recently, a simulation study of
effective potentials of (nano)particles immersed in a so-
lution of (not self-assembling) semi-flexible polymers has
been reported[33]. In this work, the variation of effective
interactions induced on the nanoparticles was obtained
by tuning the flexibility and the density of the chains
while fixing their length. The resulting effective poten-
tials were also associated to depletion effects. Only if
attraction between nanoparticles and chains were intro-
duced, the resulting potentials showed more complex fea-
tures related to bridging phenomena. Regarding higher
valence patchy particles, calculations of effective poten-
tials have been performed by some of us, with the aim to
identify the crucial role of the lifetime of the clusters in
determining the colloid-colloid interactions[34].
In this article, we perform extensive numerical simula-
tions to calculate the effective interactions between two
colloids immersed in a sol of self-assembling patchy par-
ticles of different valence. For two-patch particles, we
are able to explore the whole phase diagram at a variety
of different conditions, exploiting the absence of phase
separation. Beyond depletion effects, we identify a novel
regime for Veff , which develops an oscillatory behavior,
still being totally attractive. This occurs thanks to the
ability of the chains to be efficiently confined by colloids,
optimizing at the same time both the energy and the en-
tropy contributions in the free energy, through the onset
of local nematic order. We thus generalize this argument
and identify conditions by which higher valence parti-
cles, in particular three- and four-patch particles, also
show the same behavior. The resulting effective poten-
tials, displaying local attractive minima at particular dis-
tances that can be tuned varying the size ratio between
colloids and cosolute, are thus highly appealing to drive
colloidal self-assembly into preferred structures.
MODEL AND METHODS
To achieve the assembly of monomers into reversible
chains and clusters, we model cosolute particles as hard-
spheres (HS) of diameter σm decorated with attrac-
tive sites (patches) interacting with the Kern-Frenkel
potential[35]. The potential consists of a square-well at-
traction of width δ and depth ε modulated by an angu-
lar function that depends on the mutual orientation of
the particles and on cos(θmax) that accounts for the vol-
ume available for bonding. We fix δ = 0.119σm and
cos(θmax) = 0.894717 in order to guarantee the one-
bond-per-patch condition[36]. We consider patchy parti-
cles of different valence and patch arrangements, namely
2P particles with two patches located on the poles, 3P
particles with three patches symmetrically located on the
equator, particles with four patches arranged either in a
tetrahedral order (4P) as well as aligned on the equatorial
plane (4Peq)[5, 37]. The different models are illustrated
in Fig. 1(a).
In all cases, we evaluate Veff (r) between two HS col-
loids of size σc immersed in a solution of patchy par-
ticles by performing Monte Carlo (MC) simulations in
the canonical ensemble. The system contains a num-
ber of particles ranging from N = 10279 to N = 10870
monomers and the size ratio between these and HS col-
loids is fixed to q = σm/σc = 0.1. We evaluate Veff (r)
along the x-direction (r = x), hence colloids are con-
strained to move only along the x-axis while cosolute par-
ticles can explore the simulation box in all directions. In
the following, r is used to indicate the surface-to-surface
distance between the colloids. The simulation box is cho-
sen to be parallelepipedal with Lx ranging from 42σm
to 76σm, depending on the density of the system, and
Ly = Lz = Lx/2. With this choice we ensure that r
is always larger than the distance at which Veff goes to
zero. Periodic boundary conditions are applied in all di-
rections. We evaluate the probability P (r) to find the two
colloids at a given distance r through an umbrella sam-
pling technique[38], so that βVeff = −ln(P (r)), where
β = 1/(kBT ) with kB the Boltzmann constant and T
the temperature, besides a constant that is set by impos-
ing Veff (∞) = 0. The cosolute diameter σm and the well
depth  are chosen as units of length and energy, while
temperature is measured in units of  (i.e. kB = 1).
In the case of 2P cosolute particles, we calculate Veff
in a wide region of temperatures and packing fractions
φ = piρσ3m/6, with ρ being the number density, tak-
ing advantage of the absence of phase separation. A
low T simulation snapshot for 2P cosolute is shown in
Fig. 1(b). For 3P, 4P and 4Peq particles, we focus on
isochores φ = 0.262 and φ = 0.314. The calculations
are performed at the critical temperatures of the mod-
els, i.e. T 3Pc = 0.125 and T
4P
c = 0.168 [39] for 3P and
4P cosolute, while for 4Peq we have roughly estimated
from Grand Canonical simulations that the critical tem-
perature is T 4P
eq
c ≈ 0.148, and simulations have been
performed at T = 0.147.
We also perform Grand Canonical Monte Carlo
(GCMC) simulations of cosolute particles of various
types (2P, 3P, 4P and 4Peq) between two spherical walls,
which mimic the surfaces of the two colloids. In this way
we are able to assess the effect of confinement operated
by the colloids and to visualize the geometrical arrange-
ment of the cosolute between the two colloids. To this
aim, we use a simulation box of [20+∆xσm, 20σm, 20σm]
where ∆x is varied in order to span different distances
between the walls. Periodic boundary conditions are ap-
3Figure 1. (a) Illustration of the types of patchy particles
simulated and their patch arrangements; (b) Snapshot of a
Monte Carlo NVT simulation of two colloids (blue spheres)
in solution with 2P patchy particles at φ = 0.262 and T =
0.100. Different colours indicate chains of different lengths;
(c) Snapshot of the Grand Canonical Monte Carlo simulation
of patchy particles (red) confined between two spherical walls
(blue) of size σwall.
plied only along y and z-axis. The two walls are obtained
by centering two spheres of size σwall > Ly in the simu-
lation box along x and are placed at a surface-to-surface
distance ∆x along the x-axis. The curvature of the walls
is varied by simply changing the size of the two spheres.
An illustration of the GCMC simulations in the confined
geometry is provided in Fig. 1(c). In order to estimate
the curvature effect, we consider both σwall = 30σm and
σwall = 500σm. GCMC simulations are performed at
the same temperature as the NVT simulations and at
a value of the chemical potential µ which depends on
the type of cosolute employed. To estimate its value we
have initially performed bulk GCMC simulations of coso-
lute particles (in the absence of the walls) at constant
T for various µ until we have found the same average
packing fraction as that of the NVT simulations. Thus,
GCMC simulations in the presence of spherical walls are
carried out for 2P particles at (µ = 0.050, T = 0.100),
for 3P particles at (µ = 0.030, T = 0.125), for 4P
particles at (µ = 0.035, T = 0.168) and for 4Peq at
(µ = 0.015, T = 0.147).
RESULTS
Effective potentials generated by 2P particles
We start by reporting results for the effective potential
arising between two colloids immersed in a solution of
2P particles, which form reversible polymer chains whose
length is controlled by T and φ of the monomers[31]. The
chains flexibility is fixed by patch-patch interactions. For
our choice of model parameters, the persistence length of
the chains, calculated as in[40], is ' 10.3σm. This value
is considerably smaller than that of the experiment of
Figure 2. (a) Investigated 2P phase diagram highlighting the
three regions associated to different behaviours of Veff ; (b)-
(d) Effective potentials βVeff calculated for selected state
points in the three regions shown in (a).
Ref.[32] but still relatively large, approaching the semi-
flexible regime.
We perform calculations for a wide variety of state
points, shown in Fig. 2(a), exploring packing fractions
φ in the range (0, 0.3) and temperatures T in the inter-
val (0.1,∞). We find that the resulting Veff (r) can be
classified in three distinct regions of the phase diagram,
illustrated in Fig. 2(a), according to three different be-
haviours represented in Fig. 2(b-d).
In region (I), which amounts to high temperatures
(T & 0.3) for all investigated packing fractions, ther-
mal fluctuations are dominant with respect to the ability
of monomers to form bonds. Thus the 2P monomers
behave mostly as HS particles and the colloids experi-
ence the typical potential observed in highly asymmetric
hard-sphere mixtures[41]: an initial attraction at short
distances, followed by oscillations, both repulsive and at-
tractive, that fade away at large colloid distances. These
oscillations are associated to a layering of particles be-
tween the colloids and have been previously observed ex-
perimentally and numerically in several works [41–44].
In region (II), corresponding to low temperatures (T .
40.3) and low packing fractions (φ . 0.15), the cosolute
particles are able to exploit the self-assembly into chains
and thus Veff turns completely attractive and its range
increases with decreasing T . This can be associated to a
progressive increase of the average chain length at low
temperatures, in good agreement with experiments in
Ref.[32]. In this regime, a depletion mechanism is thus re-
sponsible for the observed behavior of Veff where chains,
rather than monomers, act as depletants.
In region (III) the resulting Veff shows novel, inter-
esting features: it is still completely attractive, but also
develops oscillations similar to those observed in the HS-
like regime. Since this behavior contains both features
observed in the other two regions, it is tempting to think
that it results from the sum of the two effects: confine-
ment due to excluded volume and depletion of chains.
The non-monotonicity of the potential further suggests
that there exist special distances where attraction is en-
hanced or depressed, that might have to do with the or-
ganization of monomers and/or chains in between the
colloids, similarly to the case of HS-induced depletion.
However, a crucial question remains: why is the poten-
tial totally attractive?
To answer this question, we need to identify the micro-
scopic mechanism leading to the behavior of Veff . We
start by examining the role of depletion, here intended
as exclusion of the cosolute from the region between the
colloids. We then calculate the packing fraction profiles
φ(x) of the monomers along the x-direction for different
colloidal distances r, comparing results for the 2P case at
T = 0.1 and for the HS system at the same cosolute pack-
ing fraction (φ = 0.262). This is shown in Fig. 3(a-c). We
find that in the region between the colloids the packing
fraction of the monomers is lower than in the bulk for
colloid distances smaller the first local maximum of the
potential, that we call rmax. For r > rmax, monomers
population increases in between the colloids, exceeding
the bulk value of φ. This trend persists also at larger
distances, finding no distinctive signatures in correspon-
dence to the subsequent maxima and minima of Veff .
Most strikingly, these results are qualitatively similar for
HS and 2P cosolutes, despite a systematic shift of the os-
cillations of the 2P data towards larger distances. Indeed,
if we compare φ(x) at the same r, we find that the forma-
tion of layers is always anticipated by HS with respect to
2P monomers. Thus, for example while HS start to form
a second layer in the region between the colloids, 2P are
still forming the first one, as shown in Fig. 3(c). This is
compatible with the fact that 2P monomers can be con-
sidered to have a larger effective size which is controlled
by the thermal correlation length as shown already for
cluster-forming cosolutes[45]. Thus, the layering effect is
less efficient at the same distance with respect to HS.
The similarity of the φ(x) profiles for HS and 2P coso-
lute is consistent with the behavior of the effective forces
Feff , shown in Fig. 3(d) as a function of r/rmax in order
Figure 3. Packing fraction profiles φ(x) of the monomers
along the x-direction at three different colloid distances r/σm,
corresponding roughly to (a) the first local maximum, (b) the
first local minimum and (c) the second local maximum in Veff
for both HS and 2P monomers. For the latter T = 0.100. Due
to symmetry only half of the profile is shown: labels “ in”,
“out” indicate the region between and on one side of a colloid
respectively. Profiles are calculated in a sub-volume of the
simulation box of size [Lx, 3σm, 3σm]; (d) the effective force
βFeff (lines) and the packing fraction mismatch φin − φout
at contact (symbols) as a function of r/rmax.
to remove the systematic shift between HS and 2P coso-
lutes. The force is generated by an osmotic pressure un-
balance, that is proportional to the mismatch φin − φout
of the packing fraction at contact, respectively in the
regions inside (φin) and outside (φout) the colloids. In
Fig. 3(d) the calculated φin−φout is also reported, again
showing no qualitative differences for HS and 2P coso-
lutes. Interestingly, the force becomes repulsive for dis-
tances just above the potential minimum, but the po-
tential is still attractive. From these results, it is clear
that the force, the osmotic pressure unbalance and all
the standard depletion arguments are not useful in or-
der to rationalize the novel behavior of Veff found in the
presence of 2P monomers with respect to HS ones.
To gain microscopic understanding, we turn to ad-
dress how the chains can arrange in between the colloids,
maintaining their connectivity. To this aim, it is intu-
itive to think that they should adopt a preferential align-
ment along a direction orthogonal to the colloid center-
to-center distance. To monitor this effect, we evaluate the
nematic order parameter of the monomers with respect
to the yz-plane, which is the standard Legendre polyno-
mial with a proper normalization to account for the plane
projection, which guarantees a zero mean of the param-
eter, i.e. P yz2 = 〈 32cos2(αyz)− 1〉, where αyz is the angle
between the orientation vector of a monomer and the
yz-plane (see Fig. 4(a)). The corresponding P yz2 maps
are shown in Fig. 4(c-e,g-i) for several colloid-colloid dis-
tances. We find confirmation that particles, and thus
chains, become more and more correlated in orientations,
5Figure 4. (a) Illustration of the angles between the orientation vector of a 2P monomer and the yz-plane (or x-axis); (b)
βVeff (r) for the 2P particles in comparison to the normalized (with respect to the bulk value) 〈P yz2 〉 averaged over a circular
slice, centered at the mid-point between the colloids, of radius 5σm and height 0.1σm. (c-e,g-i) maps of P
yz
2 and (f) map of
P x2 calculated in a central rectangular slice of dimensions [Lx, 0.1σm, 0.1σm] for representative values of r/σm. The maps are
coloured according to the bar provided in panel (b).
showing the onset of nematic order. By averaging these
findings over an appropriate sub-volume, we find that the
behavior of 〈P yz2 〉 is non-monotonic and strictly follows
the oscillations of the potential, as shown in Fig. 4(b).
We remark that in each configuration most of the chains
are aligned along a preferred direction which is randomly
chosen in the yz-plane. By monitoring also P x2 with re-
spect to the x-axis, defined as P x2 = 〈 32cos2(αx)− 12 〉 and
shown in Fig. 4(f), we find that this is instead much lower
than the bulk case, confirming that the alignment in the
r-direction is strongly suppressed. The tendency of the
chains to nematize is an echo of the behavior of confined
polymers, which at large densities always prefer to order
close to a surface [46]. In the present case, the chains
are able to satisfy both energy (bonding) and entropy
(excluded volume) constraints, thus making the effective
potential completely attractive.
It is now important to compare our results with the
recent calculations of Veff between two (nano)-particles
in the presence of (non-self-assembling) polymer chains
of a given length and flexibility, reported in [33]. When
the two particles interact with the chains via excluded-
volume only as in our model, the effective potentials are
found to be monotonically attractive for all investigated
densities and values of the flexibility, similarly to what we
observe in Fig. 2(b) for the depletion-like regime. These
findings confirm that an attractive, non-monotonic be-
havior of Veff cannot be obtained with a cosolute which
does not self-assemble, because the crucial competition
between entropy and energy is not active in this case, so
that depletion is always dominant[47]. We thus conclude
that the self-assembly of the cosolute is crucial in this
setup to give rise to attractive oscillatory potentials.
Oscillatory attractive effective potentials generated
by 3P and 4P particles
The behaviour of Veff induced by 2P particles in re-
gions I and II has been already observed for several coso-
lute models, independently if they are anisotropic (e.g.
3P)[38, 45] or isotropic (e.g. square-well (SW))[48] and
is attributable to depletion effects, in agreement with ex-
perimental studies for both HS depletants[42, 43] and
added chains[32]. We thus focus in the following only
in the results found in region III. In order to provide
generality to the 2P cosolute results and to determine
the minimal ingredients needed to observe effective oscil-
latory attractions, we also investigate different types of
self-assembling patchy particles acting as cosolute.
In the case of 2P cosolute we have found that an un-
usual, oscillatory attraction arises because the cosolute
is able to preserve the maximally bonded pattern upon
confinement. Comparing this behavior with that ob-
tained in the case of generically attractive additives (e.g.
isotropic square-well cosolute) which form branched, ex-
tended clusters, we see that for the latter only a stan-
dard, monotonic depletion-like attraction is found, even
at high densities[48], because the confinement disfavours
the formation of clusters. Thus no preferential distances
exist and no minima are found in the effective poten-
tial. It is therefore legitimate to ask whether anisotropic
interactions play a role in determining the oscillatory
attractive behavior of the effective interaction at high
density. To this aim we compare the effective potential
generated by 2P and SW particles in the high density
regime with that of 3P and 4P particles, in order to fill
the gap between the behaviour of a highly anisotropic
6Figure 5. Effective potential βVeff for different types of coso-
lute particles with q = 0.1 at φ = 0.262. For 3P and 4P
particles, Veff has been evaluated at the critical tempera-
ture T 3Pc = 0.125 and T
4P
c = 0.168, respectively. For the
2P cosolute, we refer to the lowest investigated temperature
(T = 0.100); Inset: βVeff obtained in the case of a SW coso-
lute of 10% width for φ = 0.351 and T = 0.500, the latter
being slightly larger than the critical temperature[48].
cosolute and a spherically-interacting one. The effective
potentials arising between two colloids in a dense solu-
tion (φ = 0.262) of different cosolutes are shown in Fig. 5.
We find that Veff mediated by the 3P particles still dis-
plays an attractive oscillatory character, while for the 4P
ones no oscillations are found, as also seen in the case of
isotropically attractive cosolute [48].
In order to better grasp the microscopic mechanism of
confinement between the surfaces of the two colloids, we
rely on Grand Canonical MC simulations of patchy par-
ticles between two spherical walls that mimic the surface
of the two colloids. In Fig. 6 we report snapshots of the
cosolute particles between spherical walls at a distance
corresponding to that of the first minimum of the effec-
tive potential. A striking difference in the behavior of
2P and 3P particles with respect that of 4P particles is
observed. While 2P and 3P particles are found also in
the region between the colloids (a,b middle panels), 4P
particles are not (c, middle and lower panel). This is due
to the fact that both 2P and 3P are able to occupy the
plane in between the colloids in a fully bonded pattern
(Fig. 6 (a) and (b) lower panels), because 2P particles
form chains, which are tangential to the colloids surface,
while 3P ones can form a planar structure which still
can fit into the confined region. On the other hand, 4P
particles prefers to form a tetrahedral network, whose
3D structure cannot efficiently occupy the reduced space
between the colloids and thus, they prefer to remain out-
side of this region, giving rise to simple depletion. This is
confirmed by the larger value at contact observed for 4P
tetrahedral cosolute with respect to lower valence par-
ticles at the same density. These results are enhanced
in the case of almost planar walls σwall = 500σm (not
shown). We thus find that these results fully support our
interpretation of the microscopic mechanism underlying
the occurrence of an effective oscillatory attractive po-
tential, which arises when the cosolute is still able to effi-
ciently bond upon confinement. A final test to this inter-
pretation can be made by employing 4Peq particles whose
patches are arranged on the equatorial plane, which then
prefer to form planar rather than tetrahedrally-bonded
structures. We thus repeat the calculation of Veff for
this modified patch geometry, whose results are reported
in Fig. 7(a). In the case of 4Peq particles, we do indeed
recover the oscillatory attractive behavior, which is never
found in the case of tetrahedrally organized patches. Per-
forming also GCMC simulations of 4Peq particles in be-
tween spherical walls, we find confirmation that particles
with patches aligned onto the equatorial plane recover
the ability to efficiently form fully-bonded patterns in
between the colloids surface, as shown in Fig. 6(d).
In summary, the employment of limited-valence coso-
lute which is able to efficiently order in the confined
space between the colloids gives rise to a novel kind of
attractive effective potentials, which shows the presence
of maxima and minima at preferred distances. The loca-
tion of these maxima and minima is set by the colloid-
cosolute size ratio. The ability to self-assemble of the
cosolute is a necessary ingredient for the observed be-
havior, which does not occur in the case of fixed poly-
mer chains[33]. Indeed, there exist special distances at
which self-assembling patchy particles are able to fit in
the confining region in a fully-bonded way e.g. by locally
order either into chains in a quasi-nematic fashion for 2P
particles or into planar structures for 3P and 4Peq ones.
Such distances, compatible with the size of the individ-
ual cosolute particles as shown in Fig. 5, thus identify the
location of maxima and minima in the resulting Veff .
CONCLUSIONS
In this work we have proposed a strategy to tune and
control colloidal self-assembly by adding complex addi-
tives in the suspension. In particular, we have shown
that the use of patchy particles as cosolute provides a vi-
able route to produce non-monotonic attractive effective
potentials between the colloids.
We first evaluated Veff between colloids immersed in a
cosolute made of non-adsorbing, self-assembling polymer
chains. In addition to standard depletion at low densities
and HS behavior at high temperatures, we have identi-
fied a new behavior of Veff occurring at high density and
high attraction strengths of the monomers. The result-
ing effective interaction consists of an intriguing oscilla-
tory attraction that we have explained as the result of
the ability of the assembled chains to be confined by the
colloids which allows them to optimize simultaneously
bonding and excluded volume constraints. It is impor-
7Figure 6. (a) 2P, (b) 3P , (c) 4P and (d) 4Peq simulations between two spherical walls with σwall = 30σm at distance
∆x = 1.19σm: top panels show the frontal view of the simulation box (the two walls have been removed to allow the observation
of the confinement-assisted assembly in the middle of the simulation box); bottom panels illustrate the bond view of the particle
configurations in the middle panels. For 2P ,3P and 4P particles, the average packing fraction is φ = 0.262 and temperatures
are the same as in Fig. 5. For 4P eq particles, the average packing fraction is φ = 0.314 and T = 0.147.
Figure 7. Effective potential calculated for 4P cosolute in the
case of (a) patches arranged on the equatorial plane and (b)
on a tetrahedron at φ = 0.314. The temperatures are close to
the bulk critical temperatures of the two models.
tant to stress that this behavior is not observed when
the cosolute is made of (repulsive) polymer chains which
do not self-assemble, as clearly shown in Ref. [33] (see in
particular Figs. 1 and 2), because in this case no com-
petition between bonding and entropy takes place and
depletion always wins.
We have then generalized our findings for cosolutes
made of higher valence particles, finding that for 3P
patchy particles this tendency is confirmed and even en-
hanced, because the particles are still able to form fully-
bonded planar structures in the confined region between
the colloids. However, using 4P particles that form a
tetrahedral network completely suppresses the presence
of oscillations in the potential, which thus reduces to the
standard, depletion-driven, attractive potential also ob-
served for isotropically attractive cosolutes. Thus, a nec-
essary condition to observe non-monotonic attractive po-
tentials is that the cosolute particles are able to be con-
fined by the colloids maintaining the ability to fully bond.
This is a very simple conceptual situation which may
have important consequences in the context of materials
design. Indeed, the presence of multiple lengthscales due
to the existence of attractive, local minima and maxima
in Veff paves the way for a rational design of mixtures of
colloids and different types of cosolutes which could result
in the assembly of target colloidal structures, such as low-
coordinated crystals [49–52], quasicrystals[53–56] and
other complex scenarios[57, 58]. While non-monotonic
potentials have been extensively studied, especially in the
context of inverse design[59–61], no experimental route
has been proposed so far. Our work shows how it is pos-
sible to obtain such potentials experimentally, even for
colloids whose direct interactions are strictly isotropic.
Thus, colloidal suspensions immersed in a solvent plus
a patchy cosolute could represent a suitable model sys-
tem to realize these potentials in the laboratory. The
optimization of the several involved parameters, partic-
ularly the colloid/cosolute size ratio, but also the mix-
8ture composition, charge, etc. will be crucial to identify
and obtain a desired target structure. The possibility to
extend this study to the case of a binary cosolute ap-
pears to be particularly promising to generate different
oscillations at competing distances and to vary ad-hoc
the amplitude of these oscillations as well as their nature
(attractive or repulsive). Such optimization, beyond the
scope of the present manuscript, will be tackled in future
work.
Finally, we expect that our results will be quite rele-
vant in situations of biological interest[13, 16, 62]. In-
deed, they apply in crowded environments, where coso-
lute particles are confined by colloids in very dense, com-
plex solutions. Recent works have also reported that
food proteins experiencing depletion interactions behave
in a similar way as colloidal particles[63–65], suggesting
that our study could be also exported to induce non-
monotonic attractive potentials for systems such as pro-
teins and other (bio)-macromolecules.
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